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A Core/Cladding Yb-doped fiber amplifier configuration is presented that relies on anti-Stokes
fluorescence cooling for effective heat mitigation in high-power operation. In the proposed design,
the inner cladding of the double clad fiber is doped with the same ion as in the core; therefore, the
excess heat generated from the background absorption is removed by the anti-Stokes fluorescence
in both core and inner cladding. We consider both silica and ZBLAN glasses for the host material
in the Core/Cladding Yb-doped fiber amplifier. The model incorporates the spatial profiles of the
signal and pump intensities, as well as the amplified spontaneous emission. The total linear heat
density and temperature distribution in the fiber amplifier are calculated. The results show that
the anti-Stokes fluorescence cooling in the Core/Cladding Yb-doped configuration can mitigate the
generated heat effectively in high-power operation, which obviates the need for an external cooling
system.
I. INTRODUCTION
Over the past decades, high-power fiber lasers and am-
plifiers have been extensively under research to achieve
higher output powers. However, temperature rise in the
core of the fiber lasers and amplifiers has been a hin-
drance to an acceptable stability and efficiency in high
power operation [1–4]. Strides have been constantly
made to solve the perennial excess heat issue in the high-
power fiber lasers and amplifiers using different methods
such as liquid-forced cooling [4]. However, the need for
an ever more effective heat mitigation seems to be piv-
otal to achieving a higher efficiency in the design of fiber
lasers and amplifiers, especially in high-power operation.
Radiation-Balancing is a viable technique that has
been introduced for effective heat mitigation in high-
power lasers by S. Bowman [5–7]. The radiation bal-
anced lasers (RBL) rely on solid-state laser cooling: the
gain medium is pumped at a wavelength of λp which is
longer than the mean fluorescence wavelength (λf ) of the
doped-material to ensure anti-Stokes fluorescence cool-
ing [8–10]. In a laser, the signal wavelength (λs) is longer
than λp and naturally λf . As a subtle balance condition
for RBL, the excess heat generated by the quantum de-
fect and background absorption can be extracted by the
anti-Stokes fluorescence cooling; therefore, the net heat
can be zero. However, because the mean fluorescence
wavelength of the ion-doped materials lies in the tail of
the absorption cross-section spectrum, one should con-
sequently expect some differences in the design of the
radiation-balanced fiber lasers or amplifiers compared to
the conventional Double Clad (DC) fiber lasers and am-
plifiers [11–13].
In our previous study [13], we explored the heat mitiga-
tion by anti-Stokes fluorescence cooling in a typical Yb-
doped silica DC fiber amplifier. The calculations show
∗ mafi@unm.edu
that the anti-Stokes fluorescence cooling can mitigate the
generated heat effectively in a typical DC fiber amplifier
for powers up to a few tens of Watts. But at higher pow-
ers, e.g., hundreds of Watts and more, the background
absorption of the inner cladding becomes the dominant
factor contributing to the heat generation in the DC
fiber amplifiers. The heat generated due to the back-
ground absorption in the inner cladding outweighs sig-
nificantly the maximum heat extraction that can be de-
livered by the anti-Stokes fluorescence cooling inside the
core; therefore, for the high power operation of a typical
DC fiber amplifier, the anti-Stokes fluorescence cooling
fails to mitigate the generated heat effectively. Hence,
a new configuration should be introduced in which the
heat extraction by the anti-Stokes fluorescence cooling is
large enough to counterbalance the significant heat load
from the background absorption generated in the inner
cladding in high-power operation.
A viable method to cancel out the excess heat in the in-
ner cladding is to dope the inner cladding with the same
ions as in the core. In a DC fiber laser or amplifier, the
inner cladding is also pumped; therefore, the doped in-
ner cladding can also contribute to the cooling process.
Because the inner cladding area is much larger than the
core area, a properly doped inner cladding can increase
the cooling power sufficiently to counterbalance the heat
generation in the high-power operation. In our analy-
sis, both the core and inner cladding are doped with the
same Yb ion; therefore, we refer to this design as the
“Core/Cladding (C/C) Yb-doped fiber amplifier”.
A similar model was also suggested by R. Kashyap et
al. [14], in which the cladding of a ZBLAN multimode
fiber amplifier was used as an integrated optical cooler
to offset the excess heat generated in the core. In their
model, the host material was ZBLAN glass and the core
and cladding were doped with Yb and Tm ions, respec-
tively. The presence of two different ions necessitated
two different pump sources. In their model, in order to
satisfy the RBL condition at every point along the fiber,
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2the dopant density of the ions were proposed to vary in
the longitudinal direction. Our single ion composition
makes the implementation of our proposed design eas-
ier. Moreover, we include the background absorption in
our analysis [13], which in practice is the dominant heat
source in high-power radiation-balanced fiber lasers and
amplifiers.
The goal of the present work is to explore the heat mit-
igation via anti-Stokes fluorescence cooling in the C/C
Yb-doped fiber amplifier using a comprehensive thermal
modeling that includes the main factors that contribute
to the heat generation. The detailed formalism consid-
ers the spatial profiles of both signal and pump inten-
sities across the C/C Yb-doped configuration, the pres-
ence of the amplified spontaneous emission (ASE) as the
source of anti-Stokes fluorescence cooling, and the tem-
perature variation across and along the C/C Yb-doped
configuration. The study first starts with the calculations
of the right- and left- moving pump and signals powers
along the C/C Yb-doped fiber amplifier and takes into
account the contributions of the ASE consistently. Using
the calculated pump and signals powers along the C/C
Yb-doped fiber amplifier, the contributions of the pump,
signals and anti-Stokes fluorescence cooling to the heat
density (Q) are calculated and finally the temperature
distribution along and across the C/C Yb-doped ampli-
fier is obtained. The results show that the anti-Stokes
fluorescence cooling can mitigate the generated heat ef-
fectively.
As the host material of the C/C Yb-doped fiber am-
plifier, we consider both silica and ZBLAN glasses. Silica
glass has been proven to be a reliable host material for
the fiber gain medium in the high power operation due
to its strong chemical and physical stability and its high
optical power damage threshold [4]. However, so far no
experimental result on solid-state laser cooling on the Yb-
doped silica glass has been published. Hence, we recently
performed a detailed investigation and raised the possi-
bility of the solid-state laser cooling in Yb-doped silica
glass [15]. The results in Ref. [15], which were based on
the spectroscopic investigations over a range of different
temperatures have revealed that there is no a priori fun-
damental reason to prevent solid-state laser cooling in a
high-purity Yb-doped silica glass. Therefore, Yb-doped
silica glass is adopted as a potentially cooling-grade host
material in the present study. The second host mate-
rial that is implemented for this study is the ZBLAN
glass, which has been known as a cooling-grade material.
Although ZBLAN glass in terms of chemical and physi-
cal stability is not as reliable as the silica glass, its long
successful record for the solid-state laser cooling makes
it a good candidate for the C/C Yb-doped configura-
tion [9, 16].
One of the inherent difficulties of the RBL technique
is that the pump wavelength has to be in the tail of the
absorption cross-section to exceed the mean fluorescence
wavelength. Therefore, the signal amplification drops
appreciably due to low absorption cross-section in the
RBLs [7, 13]. It must be noted that the goal of the
present work is not to deal with the low signal ampli-
fication issue in the RBL, which lies beyond the scope
of the study; rather, the main idea is to implement the
Yb-doped silica and ZBLAN glasses as the host materials
for the suggested C/C Yb-doped configuration.
Finally, we discuss the impact of the inner cladding di-
ameter on the total linear heat density (LHD) and signal
efficiency (ηs) of the C/C Yb-doped configuration. The
results show that one can sacrifice a better signal effi-
ciency (a higher signal amplification) in favor of having
more effective heat mitigation in the suggested configu-
ration and vice versa. In other words, in the suggested
configuration, the signal efficiency and heat mitigation
through anti-Stokes fluorescence cooling are incompati-
ble with each other. It is also important to mention that
the intention of the paper is not to find the optimum pa-
rameters for the suggested design; rather, its purpose is
to show a few examples where the proposed configura-
tion can effectively offset the generated heat as a proof
of concept.
II. BASIC FORMALISM
The optical fiber considered here is very similar to a
typical DC fiber, except for its inner cladding, which is
doped with the same ion as in the core. The cross sec-
tional schematic of the proposed C/C ion-doped fiber is
shown in Fig. 1, where a and b represent the core and
inner cladding radii, respectively.
a
b
FIG. 1. Schematic of a C/C ion-doped fiber amplifier.
The total dopant distribution (N0) in the core and the
inner cladding is defined by
N0(ρ) =
{
N01, ρ ≤ a
N02, a < ρ ≤ b , (1)
where N01 and N02 are the dopant densities in the core
and inner cladding, respectively, and ρ represents the ra-
dial coordinate.
In general, the core and inner cladding are doped with
different ion densities. The dopant density is known to
affect the fluorescence lifetime (τF ) [15, 17]. Therefore,
we differentiate between the fluorescence lifetimes of the
3core and inner cladding by:
τF (ρ) =
{
ηq1τr, ρ ≤ a
ηq2τr, a < ρ ≤ b , (2)
where ηq1 and ηq2 are the internal quantum efficiencies of
the core and the inner cladding of the fiber, respectively,
and τr is the radiative lifetime. Here due to the fact
that both the core and the inner cladding are doped with
the same dopant ion, we have assumed that the radiative
lifetime, τr, is the same in the core and the inner cladding.
A. Pump power propagation
To calculate the pump and signal (laser and ASE) in-
tensities in the core and the inner cladding of the fiber,
we follow the formalism introduced in Ref. [13]. Unlike
a typical DC fiber amplifier in which the pump power is
only attenuated by the background absorption in the in-
ner cladding, here in the suggested C/C ion-doped fiber
amplifier, the pump power is attenuated by the back-
ground absorption and resonant absorption originating
from the dopant in the inner cladding. Therefore, the
impact of the dopant in the inner cladding should be
taken into account in the modeling.
In the following, we refer to the pump frequency (wave-
length) as νp(λp). The signal spectrum (laser and ASE)
is sliced into n adjacent segments, where δλ is the band-
width for each segment. The signal frequencies and wave-
lengths are νj(λj), where j = 1, · · · , n. We make a con-
venient assumption that the signals propagate in a Gaus-
sian beam profile with the mode field diameter (w), which
is independent of λj [12, 13]:
gw(ρ) = e
−2( ρw )2 . (3)
Hence, the signal intensity for each spectral slice
(Ij(ρ, z)) takes the form of
fw(ρ) = 2
gw(ρ)
piw2
, Ij(ρ, z) = fw(ρ)Pj(z), (4)
where
∫∞
0
fw(ρ) 2pi ρdρ = 1 and Pj(z) represents the
signal power along the fiber. The fiber is assumed to
be cylindrically symmetric; therefore,
∫ 2pi
0
Ij(ρ, φ, z)dφ =
2pi Ij(ρ, z), where φ represents the azimuthal angle. Sim-
ilar to a DC fiber amplifier, for the C/C ion-doped con-
figuration we assume that the pump intensity, Ip(ρ, z),
is uniformly distributed across the fiber amplifier as de-
scribed by
Ip(ρ, z) =
Pp(z)
pib2
, (5)
where Pp(z) represents the pump power along the fiber
amplifier.
Using derived equations in Ref. [13], the right- (I+p )
and left- (I−p ) moving pump intensities along the fiber
can be written as
±dI
±
p
dz
= −N0σap
1 +
n∑
j=1
γj i˜
±
j
1 + i˜±p +
n∑
j=1
i˜±j
I±p − αbI±p , (6)
where the implemented identities are defined as
i±p =
I±p
Isatp
, i±j =
I±j
Isatj
,
i˜±p = i
+
p + i
−
p , i˜
±
j = i
+
j + i
−
j ,
p˜±p = p
+
p + p
−
p , p˜
±
j = p
+
j + p
−
j ,
p±j =
P±j
P satj
, p±p =
P±p
P satp
,
P satp = I
sat
p pib
2, P satj = I
sat
j Aeff , Aeff =
piw2
2
,
(7)
and αb is the background absorption coefficient.
Because as indicated earlier, the fluorescence lifetime
is generally different in the core and the inner cladding,
the saturation intensity naturally becomes different in
the core and the inner cladding as follows:
Isatp (ρ) = I
sat
p ×
{
η−1q1 , ρ ≤ a
η−1q2 , a < ρ ≤ b
,
Isatj (ρ) = I
sat
j ×
{
η−1q1 , ρ ≤ a
η−1q2 , a < ρ ≤ b
,
Isatp =
hcβp
λpτrσap
, Isatj =
hcβj
λjτrσaj
,
βp =
σap
σap + σ
e
p
, βj =
σaj
σaj + σ
e
j
, γj = 1− βj
βp
.
(8)
The emission and absorption cross-sections at the cor-
responding signal slices are σej = σ
e(λj) and σ
a
j =
σa(λj), respectively, and the emission and absorption
cross-sections at the pump wavelength are given as σep =
σe(λp) and σ
a
p = σ
a(λp), respectively.
In order to obtain the longitudinal evolution of the
right- and left- moving pump powers, we integrate the
intensities over the entire cross-section of the fiber:∫∞
0
I±p (ρ, z) 2piρdρ = P
±
p . Therefore, the differential
equations that describe the right- and left- propagating
pump powers in the fiber are obtained and can be de-
scribed by (See Appendix A for details)
± dP
±
p
dz
= −αbP±p − σapN01
(A
C1 Γp + Γ(
AD1 − B1C1
C1D1 )
× ln [1− ηa D1C1 +D1 ]− σapN02
(A
C2 (1− Γp)
+ Γ(
AD2 − B2C2
C2D2 )× ln
[ C2 + (1− ηb)D2
C2 + (1− ηa)D2
])
P±p , (9)
4where
A = 1, B =
n∑
j=1
γj p˜
±
j , C = 1 + p˜±p , D =
n∑
j=1
p˜±j ,
Bi = ηqiB, Ci = (1− ηqi) + ηqiC, Di = ηqiD,
ηa = 1− exp
(− 2a2/w2), ηb = 1− exp (− 2b2/w2).
(10)
Here i ∈ {1, 2}, where i = 1 refers to the core and
i = 2 refers to the inner cladding. Γp = (a/b)
2 and
Γ= A eff/pib
2 are the pump overlap-factor and the signal
overlap-factor, respectively.
B. Signal power propagation
Similar to the pump propagation, the differential equa-
tions describing the left- and right-moving signal inten-
sities along the fiber can be described by [13]:
±dI
±
j
dz
=
βpi˜
±
p +
n∑
k=1
βk i˜
±
k
1 + i˜±p +
n∑
k=1
i˜±k
N0
(
(σaj + σ
e
j )I
±
j + σ
e
jΠjfω
)
−N0σaj I±j − αbI±j , (11)
where Πj = 2hc
2δλ/λ3j represents the local noise source
for ASE.
Integrating Eq. 11 over the entire dopant area, includ-
ing the inner cladding, the differential equations for the
right- and left-moving signal powers along the fiber am-
plifier are obtained (See Appendix B for details):
± dP
±
j
dz
= −αbηbP±j +N01
(
(σaj + σ
e
j )P
±
j + σ
e
jΠj
)
×(B1
D1 ηa − (
A1D1 − B1C1
D21
) ln
(
1− ηa D1C1 +D1
))
−N01σajP±j ηa +N02
(
(σaj + σ
e
j )P
±
j + σ
e
jΠj
)
×(B2
D2 (ηb − ηa)− (
A2D2 − B2C2
D22
) ln
( C2 +D2(1− ηb)
C2 +D2(1− ηa)
))
−N02σajP±j (ηb − ηa), (12)
where
A = βpp˜±p , Ai = ηqiA, B =
n∑
j=1
βj p˜
±
j , Bi = ηqiB.
(13)
C. Fluorescence emission (anti-Stokes cooling)
In order to calculate the contribution of anti-Stokes
fluorescence to the heat generation, we need to obtain
the average energy that escapes from the fiber amplifier
via fluorescence emission. Here we assume that the total
ion density in the excited state decays over the radiative
lifetime with an average energy of Ef = hc/λf for each
decaying excited ion. This process can be quantitatively
described by
dIf
dz
=
hc
λfτr(ρ)
N2(ρ), (14)
where N2 represents the total ion density in the excited
state and can be described by [13]
N2(ρ) =
βpp˜
±
p + gw(ρ)
n∑
j=1
βj p˜
±
j
1 + p˜±p + gw(ρ)
n∑
j=1
p˜±j
N0(ρ). (15)
Integrating Eq. 14 over the entire dopant area, the fluo-
rescence linear power can be obtained (See Appendix D
for details). The fluorescence linear power along the C/C
ion-doped fiber amplifier can be described by
dPf
dz
=
hc
λfτr
N01
(A1
C1 pia
2 +
piw2
2
(
A1D1 − B1C1
C1D1 )
× ln [1− ηa D1D1 + C1 ]
)
+
hc
λfτr
N02
(A2
C2 (pib
2 − pia2) + piw
2
2
(
A2D2 − B2C2
C2D2 )
× ln [ C2 + (1− ηb)D2C2 + (1− ηa)D2 ]
)
. (16)
Here we have assumed that the entire fluorescence
emission, except a small fraction that is guided through
the fiber and seeds the ASE, escapes from the fiber am-
plifier, which is an acceptable assumption for the fiber
due to its small cross-section [18].
III. HEAT GENERATION AND EXTRACTION
We now have all the necessary ingredients to calculate
the total LHD and consequently the temperature distri-
bution of the fiber amplifier by solving the steady-state
heat equation. Here, we have broken the total LHD (q)
into separate components as [13]
q(P˜±p , P˜
±
j ) = qp(P˜
±
p , P˜
±
j ) + qs(P˜
±
p , P˜
±
j )
+ qf (P˜
±
p , P˜
±
j )− qb,s(P˜±p , P˜±j ). (17)
qp and qs denote the contributions of the pump and sig-
nal powers. The subtraction of qb,s signifies the scattering
part of the background absorption coefficient that does
not contribute to the heat generation. In other words,
the background absorption coefficient consists of an ab-
sorptive and a scattering part, αb,a and αb,s, respectively
(αb = αb,a + αb,s) [19]–the scattering part does not lead
5to the heat generation. qf represents the anti-Stokes flu-
orescence cooling.
qp = −
dP+p
dz
+
dP−p
dz
, (18)
qs =
n∑
j=1
(− dP+j
dz
+
dP−j
dz
)
,
qf = −dPf
dz
+
∫ b
0
2piρdρ
(
2
n∑
j=1
N2σ
e
jΠjfw
)
,
qb,s =

αb,s
(
ΓP P˜
±
p + ηa
n∑
j=1
P˜±j
)
, ρ ≤ a
αb,s
(
(1− Γp)P˜±p + (ηb − ηa)
n∑
j=1
P˜±j
)
, a < ρ ≤ b
.
In order to obtain the temperature distribution in the
amplifier, we need to solve the steady-state heat differen-
tial equation, where the source is the volume heat density,
rather than the LHD (q) [1]. The volume heat density Q
for the core and the inner cladding areas are given by:
Qco(P˜
±
p , P˜
±
j ) =
1
pia2
q(P˜±p , P˜
±
j ), ρ ≤ a,
Qinc(P˜
±
p , P˜
±
j ) =
1
(1− Γp)
1
pib2
q(P˜±p , P˜
±
j ), a < ρ ≤ b,
(19)
where Qco and Qinc denote the heat densities in the core
and the inner cladding of the fiber, respectively.
We have assumed that the volume heat density inside
the core and the inner cladding is uniform. Inserting the
volume heat densities from Eq. 19 into the heat equation
allows us to find the temperature distribution in the core
(Tco) and the inner cladding (Tinc) at each position along
the fiber (See Appendix D for details) [1].
IV. CORE/CLADDING YB-DOPED FIBER
AMPLIFIER
In this section, we study the suggested configuration of
the C/C Yb-doped fiber amplifier which is inspired by a
DC fiber amplifier described in Ref. [20] as its schematic
is shown in Fig. 2. For the following simulation as it was
mentioned earlier, we consider two different host mate-
rials such as silica and ZBLAN glasses. For each host
material, the contributions of the pump, signal, and flu-
orescence emission powers to the total LHD are calcu-
lated. Using the calculated heat density, the transverse
and longitudinal distributions of the temperature in the
amplifier are also obtained.
As it is shown in Fig. 1, the suggested configuration
consists of a core and inner cladding with radii of a and b,
respectively. As it is clear in Fig. 2, the pump power can
be coupled into the fiber amplifier from either port 1 or
port 2 at z = 0 and z = L, respectively. The signal power
is seeded into the fiber amplifier from port 2 at z = L.
We also take the fractional signal power in the core to
be ηa = 0.9. For a single-pass pump C/C Yb-doped con-
figuration, we pump the fiber amplifier from port 1, and
for a double-pass pump configuration we pump the fiber
amplifier from both port 1 and port 2. Because the heat
generation and extraction here are mainly governed by
the pump power distribution along the fiber amplifier,
we have chosen a double-pass pump C/C Yb-doped con-
figuration where the net absorbed pump power takes a
more uniform distribution along the fiber amplifier; Con-
sequently, the temperature distribution will have a more
uniform distribution along the double-pass pump fiber
amplifier compared to the single-pass pump one.
All the simulations are carried out with equally spaced
signals over the emission and absorption cross-sections
spaced by δλ = 2 nm. Because each host material has
its own emission and absorption cross-sections with a
different spectral domain, the spectral domain for each
ion-doped glass is different. For the C/C Yb-doped sil-
ica fiber amplifier, the considered spectral domain in the
modeling starts at λ1 = 932 nm (n = 1) and ends at
λ130 = 1190 nm, which entails n = 130 signal segments.
For the Yb-doped ZBLAN glass, the spectral domain also
starts at λ1 = 932 nm (n=1) and ends at λ80 = 1090 nm,
which entails n = 80 signal segments.
FIG. 2. Schematic of the suggested C/C ion-doped amplifier,
Pp0 and Ps0 represent the input pump and signal seed powers.
A. Simulation of a Core/Cladding Yb-doped Silica
Fiber Amplifier
We start our modeling by considering a silica glass as
the host material of the configuration with the core and
inner cladding radii of a = 13 µm and b = 143 µm,
respectively. The fiber amplifier is pumped at λp =
1040 nm and seeded at λs = 1070 nm with the seed
power of P−s0 = 1 W. The radiative lifetime of both
core and inner cladding are assumed to be the same,
τr = 1 ms. The background absorption is also taken
to be αb = 10 dB/km where αb,a = 5 dB/km and
αb,s = 5 dB/km. The mean fluorescence wavelength and
the fiber length are λf = 1008 nm and L = 26 m, respec-
tively [15]. Here we assume that the Yb ion density in
the core and inner cladding are N01 = 1× 1026 m−3 and
N02 = 6× 1025 m−3, respectively.
It is worth mentioning that with the increase in the
dopant density, the internal quantum efficiency of doped-
6materials due to quenching process decreases. There-
fore, one needs to pay attention to the fact that the
dopant density in a host material must be smaller than
the quenching concentration [17, 21]. Here, we assume
that a near unity internal quantum efficiency, for an ion
density of N02 in a high purity silica glass, in the presence
of some modifiers like Al2O3, is achievable [22]. However,
for the sake of a higher signal amplification, we take a
higher Yb ion density in the core (N01), which comes
at the cost of a lower internal quantum efficiency due to
the fact that the ion density gets closer to the quenching
concentration. Therefore, we assume that the internal
quantum efficiencies of the core and inner cladding are
ηq1 = 0.8 and ηq2 = 1.0, respectively.
In the modeling, we consider a double-pass pump C/C
Yb-doped silica fiber amplifier in which the fiber ampli-
fier is pumped from both end facets, ports 1 and 2, at
P−p0 = P
+
p0 = 0.5 kW. Figure 3 shows the propagation of
the right- and left- moving pump and signal powers along
the fiber amplifier in the suggested double-pass pump
C/C Yb-doped silica fiber amplifier. The signal power is
amplified up to P−s (0) = 0.13 KW which is equivalent to
a signal efficiency of ηs = 13 %.
FIG. 3. Propagation of right- and left- moving pump and
signal powers along the double-pass pump C/C Yb-doped sil-
ica fiber amplifier at λp = 1040 nm and λs = 1070 nm with
P+p0 = P
−
p0 = 0.5 kW.
In Fig. 4, we compare the contribution of the anti-
Stokes fluorescence to the net effect of the other terms
that contribute to the total LHD. Here, q′ (q′ = q − qf )
represents the net contributions of the quantum defect in
the fiber, resonant absorption in the inner cladding plus
the absorptive part of the background absorption to the
total LHD, and qf represents the anti-Stokes fluorescence
LHD. As it is obvious from Fig. 4, q′ and qf are compa-
rable to each other; therefore, one can expect an effective
heat mitigation from the anti-Stokes fluorescence cooling
in the C/C Yb-doped fiber amplifier. Fig. 4 also shows
the contribution of the background absorption (qb,a) to
q′, which is negligible compared to the other factors such
as the resonant-absorption and the anti-Stokes fluores-
cence.
Figure 5 describes the longitudinal distribution of the
temperature along the double-pass pump C/C Yb-doped
FIG. 4. Propagation of q′, qb,a, qf in the double-pass pump
C/C Yb-doped silica fiber amplifier with P+p0 = P
−
p0 = 0.5 kW.
silica fiber amplifier, ∆T = T (0, z) − T0 , where T0 is
the ambient temperature. The temperature, a few me-
ters after port 1, drops below the ambient temperature
and retains its negative sign up till port 2. The longi-
tudinal average of the temperature has also a negative
value, ∆T = (1/L)
∫ L
0
T (0, z)dz − T0, ∆T = −4.2 K for
the studied configuration.
FIG. 5. Longitudinal temperature distribution (∆T ) of the
double-pass pump C/C Yb-doped silica fiber amplifier with
P+p0 = P
−
p0 = 0.5 kW.
Figure 6 describes the radial distribution of the tem-
perature in the core of the fiber amplifier at port 1.
Figure 6 also shows a small temperature variation of
δT = T (0, 0) − T (a, 0) = 0.02 K across the fiber core.
This low temperature variation across the core is a good
indication of a high degree of thermalization in the C/C
ion-doped configuration [23].
We have shown that the average temperature of the
suggested C/C Yb-doped silica fiber amplifier can go be-
low the ambient temperature while it is delivering hun-
dreds of Watts of signal power. In order to examine how
effective the anti-Stokes fluorescence cooling has been in
the previous example, we need to compare the previous
studied case to a typical Yb-doped DC fiber amplifier
whose features are the same as the previous studied case
except for its inner cladding, which is not doped. In
other words, in the absence of the ion dopant in the in-
ner cladding, the C/C ion-doped fiber amplifier turns into
7FIG. 6. Temperature variation across the core at port 1 for
the double-pass pump C/C Yb-doped silioca fiber amplifier
with P+p0 = P
−
p0 = 0.5 kW.
a typical DC fiber amplifier that lacks the anti-Stokes
cooling mechanism for the heat extraction in the inner
cladding.
Figure 7 shows the propagation of both right- and left-
moving pump and signal powers along the DC fiber am-
plifier. The signal power is amplified up to P−s (0) =
0.23 KW, which is equivalent to a signal efficiency of
ηs = 23 %. The reason behind the higher signal amplifi-
cation in the case compared to the double-pass pump
C/C Yb-doped silica fiber amplifier is the absence of
the Yb dopant in the inner cladding. When the inner
cladding is not doped with the Yb ions, the pump power
mainly gets absorbed in the doped core of the DC fiber
amplifier and results in a higher population inversion;
therefore, a higher signal amplification is obtained for
the DC fiber amplifier.
FIG. 7. Propagation of right- and left- moving pump and
signal powers along the Yb-doped silica DC fiber amplifier at
λp = 1040nm and λs = 1070nm with P
+
p0 = P
−
p0 = 0.5 kW.
Figure 8 represents the total LHD in the absence of
the anti-Stokes cooling (q′) and the anti-Stokes fluores-
cence LHD (qf ) in the DC fiber amplifier. qf is now
considerably smaller than q′, because the inner cladding
is not doped and much of q′ comes from the background
absorption (qba) as it was explained earlier [13].
Figure 9 describes the longitudinal distribution of the
temperature along the Yb-doped silica DC fiber ampli-
FIG. 8. Propagation of q′, qb,a and qf in the DC Yb-doped
silica fiber amplifier with P+p0 = P
−
p0 = 0.5 kW.
fier. The fiber temperature is now appreciably higher
than that of double-pass pump C/C Yb-doped silica
fiber amplifier, where the anti-Stokes fluorescence cool-
ing is responsible for the effective heat offset in the in-
ner cladding. The longitudinal average of the temper-
ature along the DC fiber amplifier is now ∆T = 20 K,
which is nearly 24 K warmer than that obtained in the
double-pass pump C/C Yb-doped configuration. It is
wroth mentioning that the temperature variation across
the core of the fiber amplifier at port 1 is δT = 0.03 K.
FIG. 9. Longitudinal temperature distribution (∆T ) of the
Yb-doped silica DC fiber amplifier with P+p0 = P
−
p0 = 0.5 kW.
B. Core/Cladding Yb-doped ZBLAN Fiber
Amplifier
As it was mentioned earlier, the ZBLAN glass as a
viable host material for the solid-state laser cooling is
also an interesting host-material for the C/C Yb-doped
fiber amplifier. For the modeling, we only consider a
single-pass pump C/C Yb-doped ZBLAN fiber amplifier
with the core and inner cladding radii of a = 13 µm
and b = 182 µm [24]. The fiber amplifier is pumped
from port 1, at λp = 1020 nm with an input power of
P+p0 = 0.5 KW and seeded at λs = 1050 nm with the
seed power of P−s0 = 1 W. The radiative lifetimes of both
8core and inner cladding are assumed to be τr = 1.8 ms.
The mean fluorescence wavelength and the fiber length
are also taken to be λf = 995 nm and L = 9 m,
respectively [9, 16, 19, 25]. Here, we also assume that
αb = 20 dB/km and αb,a = 10 dB/km.
One of the most important limiting factors of the
ZBLAN glass is its low optical damage threshold in-
tensity (2.5 × 1011 W/m2) [26]. Therefore, there is a
maximum value for the signal power inside the doped
core beyond which the optical damage happens. Simple
calculations tell us that for the current C/C Yb-doped
ZBLAN fiber amplifier, the signal power cannot go be-
yond P opticalth = 0.1 kW [4]. The low signal power also de-
mands a lower pump power, which is equivalent to a lower
heat generation in the inner cladding of the C/C Yb-
doped ZBLAN fiber amplifier. Hence, to cancel out the
heat generation that comes from the resonant and back-
ground absorptions, a lower value of the Yb dopant in the
inner cladding is required. We take the Yb ion density in
the core and the inner cladding to beN01 = 30×1025 m−3
and N02 = 5 × 1025 m−3, respectively. The results pub-
lished in Refs. [16, 25] imply that the implemented Yb ion
densities of the core and inner cladding in the configura-
tion are less than the quenching concentration in a pure
ZBLAN glass; therefore, an internal quantum efficiency
of ηq = 1 is achievable. It is also worth mentioning that
for the sake of a better signal amplification in the core,
we have taken the Yb density of the core to be higher
than that of the inner cladding. Note that the other pa-
rameters which are not mentioned here are the same as
the parameters used in the subsection 4.A.
Figure 10 describes the pump and signal powers along
the fiber amplifier. The pump power is totally absorbed
and signal power is amplified up to P−s (0) = 0.06 KW,
which is equivalent to a signal efficiency of ηs = 12%.
FIG. 10. Propagation of the pump and signal powers along
the single-pass pump C/C Yb-doped ZBLAN fiber amplifier
with λp = 1020nm and λs = 1050nm and P
+
p (0) = 0.5 kW.
Figure 11 shows the total LHD in the absence of the
anti-Stokes cooling (q′) and the anti-Stokes fluorescence
LHD (qf ) in the C/C Yb-doped ZBLAN fiber amplifier.
q′ and qf are comparable to each other and consequently
one should expect an effective heat mitigation in the C/C
Yb-doped ZBLAN configuration.
FIG. 11. Propagation of q′, qb,a, qf in the single-pass pump
C/C Yb-doped ZBLAN fiber amplifier with P+p (0) = 0.5 kW.
Figure 12 also describes the temperature distribution
along the fiber amplifier. It is clear that in less than 2 me-
ters after port 1, the amplifier temperature drops below
the ambient temperature. The calculations show that the
longitudinal average of the temperature is ∆T = −5.1 K.
The obtained results also show a low temperature varia-
tion of δT = 0.08 K at port 1 in the studied case.
FIG. 12. Longitudinal temperature distribution (∆T ) of the
single-pass pump C/C Yb-doped ZBLAN fiber amplifier with
P+p0 = 0.5 kW.
In order to check the impact of the anti-Stokes fluo-
rescence cooling on the heat mitigation in the studied
case, we again follow the same steps and take the Yb ion
density of the inner cladding to be N02 = 0. For the
C/C Yb-doped ZBLAN fiber amplifier in the absence of
the Yb ions in the inner cladding, the calculations pre-
dict ηs = 22%, and ∆T = 16 K. The comparison similar
to the Yb-doped silica DC fiber amplifier that was stud-
ied earlier shows an increase in both signal efficiency and
the temperature. The increase in the average tempera-
ture is nearly 21 K which again clearly shows that the
C/C Yb-doped configuration has been effective in the
heat mitigation for the ZBLAN glass.
9V. DISCUSSION
So far we have investigated a few different examples of
the suggested C/C Yb-doped fiber amplifier, where the
temperature distribution, the distribution of the pump
and signal powers, and the total LHD have been studied.
In this section, we will obtain a general insight about
the signal efficiency and heat loading of the C/C Yb-
doped configuration. Although the main focus of the
paper is the heat mitigation via anti-Stokes fluorescence
cooling, the signal efficiency is also another important
parameter for fiber amplifiers that needs to be studied.
We know that in the C/C Yb-doped configuration, a
considerable amount of the pump power is absorbed in
the inner cladding due to the resonant absorption. In
other words, unlike a typical DC fiber amplifier where
the pump power mainly gets absorbed in the core, here
in the C/C Yb-doped configuration, the pump power gets
absorbed mainly in the inner cladding as well as the core
which results in a lower devoted pump power to the core;
Hence, the lower pump power in the core leads to a lower
signal gain or a lower signal efficiency in the C/C Yb-
doped configuration.
To explore a relationship between the heat mitigation
and signal efficiency in the fiber amplifier, we will base
our analyses upon a few simplifications such as i) both
pump and signal intensities are uniform across the fiber
amplifier, ii) it is only the amplified signal (λs) that is
taken into account in the calculations and the other emis-
sion spectra (λj , j 6= s) are neglected, iii) the signal power
is totally confined inside the fiber core, and iv) the fiber
length is so small that the pump and signal powers do
not drop appreciably along the fiber amplifier.
Considering the above assumptions, we first start the
calculations with the total LHD to obtain a simpler ex-
pression for it. Another important simplification that
we make here is that we neglect the effect of the core
on the calculation of the total LHD; therefore, we can
reduce the whole structure of the C/C Yb-doped fiber
amplifier to a Yb-doped fiber with the radius of b. Now,
the pump power in the fiber amplifier is being attenu-
ated by the resonant and the background absorptions.
Considering all the simplifications and the effect of the
anti-Stokes fluorescence in the modeling, the total LHD
can be rewritten as follows:
q(Pp) =
( ζ(λp)
1 + pp
+ αb,a
)
Pp,
ζ(λ) = (1− λ
λf
)σa(λ)N02. (20)
Figure 13 shows the behavior of the total LHD (q(Pp))
versus the pump power for the parameters used in sec-
tion 4.A where λp = 1040 nm and λf = 1008 nm. The
algebra shows that the total LHD for the pump power
smaller than the saturation pump power is negative or
exothermic. With increasing the pump power, the total
LHD starts decreasing until it reaches its minimum value
FIG. 13. Blue solid line describes the total LHD (q) for λp =
1040 nm and b = 143 µm. The cyan dashed-line described
the total LHD that includes only the absorptive part of the
background absorption (qb,a = αb,aPp).
which can be simply described by
P optp = P
sat
p
(√−ζ(λp)
αb,a
− 1), (21)
where for the parameters used in section 4.A, P optp =
116 W.
As the pump power goes beyond its optimum value,
the resonant absorption of the pump power starts getting
saturated, while the second part in Eq. 20, αb,aPp, that
originates from the parasitic absorption linearly increases
with the pump power. Therefore, the total LHD starts
increasing and beyond a particular pump power becomes
positive or endothermic as it is obvious from Fig. 13. The
maximum pump power (Pmaxp ) beyond which the total
LHD becomes endothermic also can be described by
Pmaxp = −P satp
(ζ(λp)
αb,a
+ 1
)
. (22)
where in this case PmaxP = 0.87 kW.
Equation 22 gives us a general insight about the ther-
mal featues of the CC ion-doped fiber amplifier and an
upper value for the pump power beyond which cooling
cannot be observed in the configuration. However, due
to presence of the signal power in the fiber amplifier,
the maximum pump power predicted in Eq. 22 naturally
shifts down to the lower values as it is clear in Fig. 5.
Figure 5 shows that at nearly 2 m from port 1, the am-
plifier temperature goes below the ambient temperature
which is nearly equivalent to having a total pump power
of 0.5 kW (See Fig. 3), so it is less than the calculated
maximum power in Eq. 22, Pmaxp = 0.87 kW.
As the input pump power increases, the maximum
pump power (Pmaxp ) also needs to shift to the higher val-
ues to guarantee more effective heat mitigation via anti-
Stokes fluorescence cooling in the C/C Yb-doped config-
uration. This shift in the maximum pump power can be
done either by increasing the dopant density in the inner
cladding or increasing the inner cladding area. Because
the quenching concentration is a barrier to the dopant
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density increase in the configuration, an increase in the
inner cladding area is a better choice. Eq. 22 shows that
with the increase of the inner cladding area, the maxi-
mum pump power increases linearly. Therefore, a C/C
Yb-doped configuration with a larger inner cladding area
is more desirable as long as the heat mitigation via anti-
Stokes fluorescence cooling is concerned.
So far we have learned that with the increase of the
pump power, the inner cladding area needs to be in-
creased for more effective heat mitigation. But beside
the heat mitigation for the C/C Yb-doped configuration,
one also needs to investigate the signal efficiency (ηs) of
the C/C Yb-doped configuration. To get a better insight
about the signal efficiency of the C/C Yb-doped config-
uration, we introduce a quantity based on the previous
simplifications as follows (Here we also have neglected
the background absorption):
ηs =
dPs
dz
/
dPp
dz
, (23)
1
ηs
=
1
ηDCs
+ (1− Γp)Pp
Ps
N02
N01
σap
σas
(1 + ps1+pp )
(
βp
βs
− 1)pp − 1
,
where ηDCs represents the signal efficiency of a DC fiber
amplifier whose parameters are the same as the C/C ion-
doped fiber amplifier except for the ion dopant in the
inner cladding where N20 = 0.
From Eq. 23, one realizes that the signal efficiency of
the C/C ion-doped fiber amplifier is lower than a typical
DC fiber amplifier due to the resonant absorption that
takes place in the inner cladding. Another important
point that can issue from Eq. 23 is that for a constant core
diameter, as the inner cladding diameter increases, which
is equivalent to the decrease of the pump overlapping fac-
tor (Γp), the signal efficiency decreases. Therefore, as
long as the signal efficiency is concerned, a smaller inner
cladding diameter is more desirable which is in sharp con-
trast with what we have learned from Eqs. 20-22, where
a larger cross-section of the inner cladding is more de-
sirable for more effective heat mitigation. Hence, this
important incompatibility should be taken into account
in the design of the C/C ion-doped configuration.
VI. CONCLUSION
We have presented a new design of a DC fiber ampli-
fier in which the inner cladding of the DC fiber is doped
with the same ion as in the core. By doping the inner
cladding of a typical DC fiber amplifier, we create a sit-
uation in which the anti-Stokes fluorescence cooling can
offset the generated heat from the background absorption
effectively in the inner cladding . In the modeling, we
presented a detailed analytical formalism that not only
considers the spatial profiles of both pump and signal in-
tensities, but also entails ASE as the source of the anti-
Stokes fluorescence cooling. Using the obtained signal
and pump powers along and across the C/C Yb-doped
fiber amplifier, the generated heat and consequently tem-
perature distribution in the the C/C Yb-doped amplifier
were calculated. In the study, two host glasses amenable
to the solid-state laser cooling such as silica and ZBLAN
glasses are considered. The calculations show that as long
as the internal quantum efficiencies of the host materials
are very close to unity, the anti-Stokes fluorescence cool-
ing can decrease the excess heat effectively in the C/C
Yb-doped configuration in high-power operation.
VII. APPENDIX
A. Propagation of pump power
Calculations of the pump power propagation in the
core and inner cladding can be described by
±dP
±
p
dz
= − 1
pib2
(
σapN01P
±
p
∫ 2pi
0
dφ
∫ a
0
1 + gw(ρ)
n∑
j=1
γj p˜
±
j
1 + p˜±p + gw(ρ)
n∑
j=1
p˜±j
ρdρ
− αbP±p
∫ 2pi
0
dφ
∫ a
0
ρdρ
+ σapN02P
±
p
∫ 2pi
0
dφ
∫ b
a
1 + gw(ρ)
n∑
j=1
γj p˜
±
j
1 + p˜±p + gw(ρ)
n∑
j=1
p˜±j
ρdρ
− αbP±p
∫ 2pi
0
dφ
∫ b
a
ρdρ
)
. (24)
To calculate the above terms, we have used the following
identity:
∫ b
a
A+Bgw(ρ)
C +Dgw(ρ)
ρdρ =
A
C
(b2 − a2)
2
+
w2
4
(
AD −BC
CD
)
× ln [C + (1− ηb)D
C + (1− ηa)D
]
. (25)
11
B. Propagation of signal power
Calculations of the signal power propagation in the
core and inner cladding can be described by
±dP
±
j
dz
=
∫ 2pi
0
dφ
∫ a
0
βpp˜
±
p + gw(ρ)
n∑
k=1
βkp˜
±
k
1 + p˜±p + gw(ρ)
n∑
k=1
p˜±k
N01fw(ρ)ρdρ
×
(
(σaj + σ
e
j )P
±
j + σ
e
jΠj
)
−N01σajP±j
∫ 2pi
0
dφ
∫ a
0
fw(ρ)ρdρ
− αbP±j
∫ 2pi
0
dφ
∫ a
0
fw(ρ)ρdρ
+
∫ 2pi
0
dφ
∫ b
a
βpp˜
±
p + gω(ρ)
n∑
k=1
βkp˜
±
k
1 + p˜±p + gw(ρ)
n∑
k=1
p˜±k
N02fw(ρ)ρdρ
×
(
(σaj + σ
e
j )P
±
j + σ
e
jΠj
)
−N02σajP±j
∫ 2pi
0
dφ
∫ b
a
fw(ρ)ρdρ
− αbP±j
∫ 2pi
0
dφ
∫ b
a
fw(ρ)ρdρ. (26)
To calculate the above terms, we have used the follow-
ing identities:∫ b
a
A+Bgw(ρ)
C +Dgw(ρ)
fw(ρ)ρdρ =
B
D
(ηb − ηa)−
(AD −BC
D2
)× ln (C +D(1− ηb)
C +D(1− ηa)
))
,
(27)
∫ 2pi
0
dφ
∫ x1
x0
fw(ρ)ρdρ = ηx1 − ηx0 . (28)
C. Anti-Stokes Fluorescence
Calculations of the anti-Stokes fluorescence along the
fiber amplifier in the core and inner cladding can be de-
scribed by
dPf
dz
=
hc
λfτr
(
N01
∫ 2pi
0
dφ
∫ a
0
βpp˜
±
p + gω(ρ)
n∑
j=1
βj p˜
±
j
1 + p˜±p + gω(ρ)
n∑
j=1
p˜±j
ρdρ
+N02
∫ 2pi
0
dφ
∫ b
a
βpp˜
±
p + gω(ρ)
n∑
j=1
βj p˜
±
j
1 + p˜±p + gω(ρ)
n∑
j=1
p˜±j
ρdρ
)
. (29)
D. Temperature distribution across the fiber
amplifier
The temperature distribution inside the core and inner
cladding of the fiber amplifier can be described by
Tco(ρ) =
a2
4k
(
Qco(P˜
±
p , P˜
±
j )−Qinc(P˜±p , P˜±j )
)
+
a2
2bHc
(Qco(P˜
±
p , P˜
±
j )−Qinc(P˜±p , P˜±j ))
+
b2
4k
Qinc(P˜
±
p , P˜
±
j ) +
b
2Hc
Qinc(P˜
±
p , P˜
±
j )−
ρ2
4k
Qco(P˜
±
p , P˜
±
j )
+
a2
2k
(Qco(P˜
±
p , P˜
±
j )−Qinc(P˜±p , P˜±j )) ln(
b
a
) + T0, (30)
and
Tinc(ρ) =
a2
2bHc
Qco(P˜
±
p , P˜
±
j ) +
b2
4k
Qinc(P˜
±
p , P˜
±
j )
+
b2 − a2
2bHc
Qinc(P˜
±
p , P˜
±
j )−
ρ2
4k
Qinc(P˜
±
p , P˜
±
j )
− a
2
2k
(Qco(P˜
±
p , P˜
±
j )−Qinc(P˜±p , P˜±j ))× ln(
ρ
b
) + T0,
(31)
where T0 = 300 K, is the ambient temperature, Hc =
80 W/m2K is the heat convective coefficient and k is the
thermal connectivity of the host material (k = 1.23 for
silica glass and k = 0.63 for ZBLAN glass).
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